The Dominantly Inherited Alzheimer Network (DIAN) is an international registry of individuals at risk for developing autosomal dominant Alzheimer's disease (AD). Its primary aims are to investigate the temporal ordering of AD pathophysiological changes that occur in asymptomatic mutation carriers and to identify those markers that herald the transition from cognitive normality to symptomatic AD. DIAN participants undergo longitudinal evaluations, including clinical and cognitive assessments and measurements of molecular and imaging AD biomarkers. This review details the unique attributes of DIAN as a model AD biomarker study and how it provides the infrastructure for innovative research projects, including clinical trials. The recent design and launch of the first anti-amyloid-beta secondary prevention trial in AD, led by the related DIAN Trials Unit, also are discussed.
Introduction
Alzheimer's disease (AD) is the most common form of dementia; an estimated 4.7 million individuals were affected in the US in 2010 [1] . From 2000 to 2010, the age-adjusted death rate from AD increased by 39% [2] . Given the accelerated aging of the population as the earliest 'baby boomers' reach age 65, the number of individuals with AD will increase dramatically and create a public health crisis. Although considerable progress has been made in AD research over the past decade, much remains to be understood. For example, there still are no disease-modifying therapeutic agents available to alter the course of AD dementia or delay its onset.
Many investigators have suggested that the reason prior trials of potentially disease-modifying drugs have failed in AD thus far is that the drugs were administered too late in the course of the disease [3, 4] . AD pathology is present in the brain many years before the onset of clinical symptoms [5] [6] [7] [8] [9] [10] [11] . The neuronal and synaptic loss that results in symptomatic AD may preclude clinical benefit when treatment is initiated in symptomatic AD, even in its earliest stages. For this reason, many scientists have focused on delineating the mechanisms underlying preclinical AD, wherein the brain pathology of AD is present but not yet sufficient to produce symptoms. Decreases in cerebrospinal fluid (CSF) levels of amyloid-beta 1-42 (Aβ 42 ), increases in CSF levels of total tau and phosphorylated tau, and increases in brain amyloid deposition as imaged with Pittsburgh compound B (PIB) in cognitively normal individuals all predict progression to symptomatic AD [12] [13] [14] . Key questions that remain, however, are determination of the temporal sequencing of molecular and imaging AD biomarkers, identifying pathways that should be targeted for therapeutic intervention, and characterizing the ideal window to begin disease-modifying treatment [15] .
Defining preclinical AD in individuals who will go on to develop sporadic AD is complicated by the inability to know precisely whether or when a specific individual will become symptomatic, even in individuals positive for AD biomarkers such as CSF Aβ 42 or brain amyloid imaging. This concern is circumvented, however, in individuals with autosomal dominant AD (ADAD) because all are destined to develop symptomatic AD. ADAD is caused by a dominant mutation in one of three genes: amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin 2 (PSEN2). Although ADAD accounts for less than 1% of all AD cases [16] , its clinical and pathological phenotypes are largely similar to those of sporadic, lateonset AD (LOAD) [17, 18] . Children of an affected ADAD parent have a 50% chance of inheriting the mutated allele. Because ADAD mutations are almost 100% penetrant, mutation carriers are virtually certain to develop symptomatic AD with an age at onset (AAO) very similar to that of their parent [19, 20] . The more predictable disease course in ADAD will likely facilitate understanding of the prognostic utility and pathogenic implications of biomarkers in asymptomatic mutation carriers.
Value of the Dominantly Inherited Alzheimer Network cohort and assessment protocol
Because of the rarity of ADAD, research studies have been limited by small sample sizes; therefore, the full scientific value of ADAD families has been difficult to harness. As of July 2013, only 517 ADAD families have been documented worldwide [21] . Moreover, individuals in these families often are geographically dispersed, and so only a handful of mutation carriers may engage in research at a given academic medical center. Molecular biofluid and imaging biomarker ADAD studies report sample sizes in the range of 10 to 60 [22] [23] [24] [25] . A national effort to document all ADAD families in France revealed 111 families, but only 42 individuals had CSF biomarker data [26] . The largest known single ADAD kindred, which has approximately 5,000 living relatives and 1,500 PSEN1 E280A mutation carriers, resides in the central northwestern region of Colombia (known as Antioquia) [27] . Two recent reports [28, 29] have begun exploration of biomarker changes in this kindred, which had previously been limited by geographic constraints, but again, samples sizes for CSF, magnetic resonance imaging (MRI), and positron emission tomography (PET) imaging were 50 or smaller.
The Dominantly Inherited Alzheimer Network (DIAN) (U19 AG032438; JC Morris, principal investigator [30] ) was established in 2008 with the purpose of developing a registry of asymptomatic and symptomatic ADAD mutation carriers and their non-carrier siblings, who serve as a genetically similar control sample. DIAN participants are followed longitudinally by using clinical, cognitive, and imaging and fluid biomarker measures at 14 domestic and international sites ( Table 1 ). Washington University in St Louis, Missouri, serves as the coordinating center for DIAN and as one of the performance sites and thus houses all eight cores: Administration (John C Morris), Clinical (Randall Bateman), Biostatistics (Chengjie Xiong), Neuropathology (Nigel Cairns), Biomarker (Anne Fagan), Genetics (Alison Goate), Imaging (Tammie Benzinger), and Informatics (Daniel Marcus). The target for the DIAN registry is 400 individuals from ADAD families, and 336 have been enrolled as of July 2013. DIAN participants are not required to know their mutation status; asymptomatic enrollees include both mutation carriers and non-carriers in an approximate 50:50 ratio. The percentage of asymptomatic individuals is approximately 75%. Follow-up assessments are scheduled according to the participant's age relative to his or her parental AAO, with assessments every 3 years for asymptomatic individuals until they are within 3 years of the parental AAO, when assessments are done annually; all symptomatic individuals are seen annually. For a more detailed description of the DIAN assessment protocol and infrastructure, please see [31] .
The DIAN assessment protocol is designed to be of optimal value for current and future research and ultimately to support clinical trials. First, the large sample size, including a non-carrier control group of individuals from the same families as the mutation carrier individuals, will allow detection of biomarker (or other) changes with a smaller effect size or a shorter duration (or both) than can be seen in smaller samples. Since DIAN is not limited to a single family or mutation type, such analyses have the potential to include scientific questions applicable to all mutation types plus single-mutation and cross-mutation analyses. Second, all DIAN assessments are conducted according to a standard and uniform protocol that allows data from all 14 sites to be readily combined. Standardized measures include the clinical assessment, psychometric testing, non-fasting blood collection for genetics, fasting CSF and blood collection, MRI, amyloid imaging with 11 C-PIB-PET, and fluorodeoxyglucose-PET (FDG-PET). Tissue collection and storage also are harmonized to allow for biomarker measures within the current scope of DIAN (for example, enzyme-linked immunosorbent assay-based CSF Aβ assays) as well as future methodologies. These data and biospecimens are maintained in a central repository at Washington University to streamline resource sharing; derived data and raw images are stored in the Central Neuroimaging Data Archive in the Informatics Core. Third, the synchronized structure of each DIAN assessment facilitates cross-modality comparisons. For example, imaging variables can be queried against CSF or clinical variables with the confidence that they were all collected within the same 3-month visit window. Fourth, the longitudinal nature of DIAN will provide data to address how AD biomarkers change over time in a single individual. To date, published reports, including those using initial DIAN data [32] , have largely been cross-sectional in nature, with age or relative age used as the reference. Models derived from these cross-sectional analyses of the pathochronology of AD need to be confirmed with longitudinal data, which DIAN is now collecting. Lastly, DIAN was established with the intent to harmonize as much as possible with protocols used by other multi-center AD studies, including the National Alzheimer's Coordinating Center, the National Cell Repository for Alzheimer's Disease, and the Alzheimer's Disease Neuroimaging Initiative (ADNI). As important as determining the mechanisms and pathways underlying ADAD is, the ultimate goal is to translate key DIAN findings to the more common, sporadic form of AD. Imaging and biofluid collections and processing protocols are also consistent with the ADNI.
Defining preclinical Alzheimer's disease DIAN's design will provide considerable data to characterize preclinical AD more robustly than can occur in sporadic AD. Even with the publication of the National Institute on Aging (NIA)-Alzheimer's Association diagnostic criteria and guidelines for preclinical AD, mild cognitive impairment (MCI) due to AD, and symptomatic AD [33] [34] [35] , many researchers and clinicians still consider the term preclinical AD to encompass prodromal AD, MCI, or very mild AD. The reasoning is twofold: that the very earliest manifestations of AD do not meet the clinical definition of AD dementia and that individuals with these indications may or may not progress to symptomatic AD. Often, the designation 'conversion to AD' is used to delineate the transition from milder forms of dementia (for example, MCI) to AD dementia, implying that the two are distinct entities, not different stages on a continuum of disease. In the DIAN study, preclinical AD refers only to the asymptomatic stage of AD, not to MCI or prodromal AD. Through the study of ADAD mutation carriers with a virtual 100% certainty of developing disease, many of the grey areas in sporadic AD research are removed. An additional benefit is that most DIAN participants are young (the mean parental AAO is 45.7 ± 6.8 years [32] ) and thus have a low incidence of the comorbidities (for example, vascular disease and diabetes) that can confound AD diagnosis and outcomes in late-onset, sporadic AD. Examining mutation carriers for many years prior to the appearance of symptoms and then in the immediate years after diagnosis allows the earliest cognitive and clinical changes to be documented and verified. Molecular and imaging biomarker data collected throughout can then be viewed with a clear understanding of the participant's clinical status.
Secondary prevention trials for AD will rely heavily on biomarker data to determine when it will be best to begin disease-modifying therapeutics. Considerable evidence shows that biomarker changes can be detected many years before symptom onset [12] [13] [14] [15] , but the optimal time to begin treatment during this preclinical/asymptomatic phase is much less clear. Normalizing both cross-sectional and longitudinal DIAN data to parental AAO provides an ideal opportunity to rigorously define the temporal ordering of biomarker changes. A well-delineated timecourse of preclinical AD represents a critical element in the selection of the best therapeutic window. Also, DIAN is structured to provide insight into the predictive power of biomarker values, as single measures or in combination. Various biomarkersincluding CSF measurements of Aβ and tau, imaging of amyloid burden, glucose utilization, or brain volumesand sensitive cognitive testing have been proposed as having predictive power for the development of symptomatic AD, but which single biomarker or combination of biomarkers will be most useful in clinical decision-making remains uncertain. In light of the increasing public health demands of AD, the cost-effectiveness of each of these measures needs to be considered, especially given the recent US Food and Drug Administration (FDA) approval of the 18 F amyloid imaging agent, Amyvid™ (Eli Lilly and Company, Indianapolis, IN, USA) (florbetapir). Although Amyvid™ is not currently approved for preclinical imaging, consumer interest, especially by individuals with a family history of AD, is likely to keep this issue in the public debate [36] .
Rationale for Dominantly Inherited Alzheimer Network Trials Unit clinical trials
The NIA Request for Applications that led to the establishment of DIAN made specific reference to the notion that DIAN participants would represent an attractive cohort in which to evaluate potential therapies for AD, although funding for such trials was not included in the DIAN observational study. In addition to the reasons mentioned earlier, including a virtual certainty of the development of disease in mutation carriers and a predictable AAO, the DIAN cohort is a logical focus of pharmaceutical companies because almost all disease-modifying therapies currently being tested have been developed by using cell culture and animal models based on ADAD mutations. All ADAD mutations in APP, PSEN1, and PSEN2 result in an increase in the production of Aβ species or in the Aβ 42/40 ratio [37, 38] , providing very strong support for the amyloid hypothesis in AD. ADAD mutations have been introduced into several mouse models, which served as the initial screen for existing anti-Aβ antibody therapies, beta-secretase inhibitors, and gamma-secretase inhibitors. The recent failures of a few of these proposed diseasemodifying drugs in phase II or phase III trials could be due to limitations of translating animal results into human disease, or the drugs may have been administered too late in the disease course, as all trials enrolled individuals who already had symptomatic AD [39] . Testing these agents in cognitively normal ADAD mutation carriers (that is, preclinical AD) may represent the best possibility for measurable benefit in either biomarker outcomes or prevention of cognitive decline.
In 2009, the Clinical Core Leader for DIAN, Randall Bateman, formed the Clinical Trials Committee (CTC) to oversee the design of therapeutic trials in the DIAN cohort. The CTC was composed of DIAN Steering Committee members, clinical trial experts, regulatory advisors, and ADAD family member representatives. CTC aims were to evaluate potential trial designs and to determine which therapeutic targets are likely to be most amenable to treatment. The CTC was then transitioned to the DIAN Trials Unit (DIAN-TU), and funds were provided by the Alzheimer's Association and the DIAN Pharma Consortium. The DIAN-TU is led by Bateman to coordinate, manage, and implement DIAN trials and interface with the DIAN longitudinal study to coordinate study goals and the interests of DIAN participants.
The DIAN Pharma Consortium [40] was created by the DIAN-TU and 10 collaborating pharmaceutical companies to provide the funds, expertise, expanded registry [41] , and drug nomination support necessary to develop the infrastructure for DIAN trials. Beginning in 2010, the DIAN CTC, and later the DIAN-TU, requested therapy nominations from pharmaceutical companies; 15 compounds from 13 companies were submitted. The DIAN Therapy Evaluation Committeeled by Bateman with the supervision of Maria Carrillo, of the Alzheimer's Association, as conflict-of-interest managerwas formed with members of the DIAN Steering Committee and external consultants to evaluate each nomination independently and determine potential suitability for trial inclusion on the basis of preclinical and clinical data.
The DIAN-TU design leverages the existing infrastructure of the ongoing DIAN longitudinal study and builds upon important DIAN baseline and rate-of-change data. The trial was designed as a randomized, blinded, placebocontrolled four-arm trial with a target of 160 asymptomatic to mildly symptomatic mutation carrier participants who are −15 to +10 years of their estimated AAO (40 per arm; Figure 1 ). Participants will receive either drug or placebo for 2 years to determine engagement of the central nervous system target and effects of treatment on downstream biomarkers and to collect safety data. Each drug arm will be compared with the pooled placebo group. By diversifying the drug portfolio at the outset of the trial, investigators minimize the risk of having a failed agent in this highly informative and rare population. The pooled placebo group greatly increases efficiency, allowing for a trial of 160 mutation carriers that, if conducted separately, would require 240 mutation carriers. The pooled placebo group also increases the participant's likelihood of receiving active drug (75%) compared with traditional designs (50%), an issue that current DIAN participants have identified as being particularly important. The trial will include mildly symptomatic individuals because this group will also be informative of anti-Aβ drug effects on biomarkers. Enrollment of symptomatic individuals will be limited to less than 50% and will be evenly distributed across arms by using a minimization strategy. Since many DIAN participants are unaware of their mutation status, both mutation carriers and non-carriers will be enrolled and participants and study staff will remain naïve to mutation status. Mutation non-carriers will be assigned to placebo (planned enrollment of not more than 80 non-carriers), and total trial enrollment will be 240 individuals. Noncarriers will undergo all testing and will provide important biomarker data in a young healthy cohort.
The first two drugs selected for the DIAN-TU trial are listed in Table 2 . Plans to launch a third arm, using the beta-secretase inhibitor LY2886721, were put on hold with the recent announcement of adverse events. The trial design allows for ongoing consideration of other drugs for possible addition to the trial.
Since each drug selected has a different mechanism of action and there is not an identified AD surrogate biomarker universally accepted as the 'gold standard' , a panel of AD biomarkers is included to determine which therapeutic agent best impacts different aspects of AD pathology: volumetric MRI, functional connectivity MRI, FDG-PET, PET amyloid imaging, CSF Aβ, CSF tau, and CSF phospho-tau. It is unlikely that a drug that does not hit its target mechanism of action will be effective in preventing or slowing cognitive decline. Cognitive measures are also included to serve as baseline measures for a potential seamless extension to a subsequent phase III cognitive endpoint trial and to demonstrate the sensitivity of cognitive measures in individuals with very mild or no clinically apparent cognitive impairment.
The DIAN-TU trial received FDA approval in late 2012 and was officially launched on 31 December 2012 with enrollment of the first trial participant at Washington University. As of July 2013, five participants have been randomly assigned to a treatment arm at Washington University and have received the first dose of active agent or placebo. Other DIAN-TU sites are in the process of being activated. With these steps, the first secondary prevention trial with putative 'disease-modifying' drugs in the field of AD has begun. In collaboration with the planned Alzheimer's Prevention Initiative (API) and Anti-Amyloid Treatment in Asymptomatic AD (A4) trials [42, 43] , the DIAN-TU trial provides an opportunity to test fundamental ideas about preclinical AD and AD progression. Together, these efforts should dovetail to accelerate therapeutic development for both ADAD and sporadic AD.
Conclusions
Unless therapies that slow or prevent AD are developed, the global increase in longevity and resulting increase in people with AD will have a devastating impact on many more millions of individuals and their families and on the finances and resources of health-care systems and societies. A key question in therapeutic development is when treatments will be most effective in the course of AD. Even in cognitively normal older adults with biomarker evidence of preclinical AD (for example, low CSF Aβ), it is unclear when the pathology will manifest itself as symptomatic LOAD. Study of ADAD families has the potential to shape the answer to this question because mutation carriers typically develop clinical disease at about the same age as their affected parent. Therefore, biomarker measurements made during the preclinical stage of disease in these individuals can be ordered relative to the parental AAO, resulting in a better understanding of the therapeutic window for prevention or attenuation of disease. DIAN is a unique research effort that has collected the world's largest cohort of ADAD individuals from multiple families and mutation types. The longitudinal comprehensive assessment of DIAN participants, including clinical, cognitive, and biomarker measures, is designed to facilitate future research and clinical trials. Indeed, DIAN-TU has already launched the first such trial. The DIAN-TU trial and the planned API and A4 secondary prevention trials have hopefully positioned the field of AD research at the cusp of developing truly effective drugs available for those at risk for either autosomal dominant or sporadic AD. 
